Abstract-A novel method for making a compact high-power single-mode photonic crystal fiber laser (PCFL) is proposed. The entire photonic crystal fiber is doped uniformly with active material yet only the core is pumped. Numerical simulations predict that, by using Er-Yb codoped phosphate glass, it is possible to extract 9.5 W from a 1.8-cm-long PCFL with a 100-m core diameter pumped with 20 W, achieving near 50% efficiency.
I. INTRODUCTION
H IGH-POWER fiber lasers have recently been the subject of intense research [1] - [7] . Good beam quality, robustness, and relative ease of manufacturing are important characteristics of these lasers. There have been reports of extracting a few hundred watts of power from single-mode and multimode double-clad fiber lasers [1] , [2] . However, these fibers are typically a few meters long. Shorter fiber lasers offer the possibility of achieving high-power single-mode single-frequency operation while mitigating against detrimental nonlinear optical effects such as simulated Brillouin scattering (SBS) and stimulated Raman scattering (SRS). Generating high output power from a short fiber still remains a challenge since it requires large pump absorption and high signal gain per unit length of the fiber. Both can theoretically be achieved by heavily doping the core of the fiber with active material and/or choosing a large core. However, it is well known that high concentrations of active rare-earth dopants can have a negative impact on the efficiency of the laser. In Er-doped silica fibers, high concentration results in serious degradation of gain and pump efficiency induced by stepwise and cooperative upconversion. Some of us have shown that higher ion concentration without clustering effects can be achieved by using phosphate glass as host [8] . Er-Yb codoping also broadens the absorption band and increases the pump absorption by two orders of magnitude. The pump energy that is absorbed by Yb ions is quickly transfered to neighboring Er [8] .
Increasing the core size of a conventional single-mode fiber brings its own difficulties. The required step in the refractive index between the core and cladding scales quadratically with the inverse of the core diameter. Even with extremely fine index tuning of the order of , it is not possible to design a regular single-mode step-index fiber with a core diameter larger than 60 m for at nm. This problem can be overcome by using the novel concept of photonic crystal fiber (PCF) confinement [9] , [10] . Several papers have suggested lasers based on a PCF where only the core of the PCF is active and step index is fine tuned to closely match that of the cladding. In [3] - [6] , the desired step in the index of refraction is achieved by controlling the refractive index of the core by choosing appropriate glass host and dopants. Alternatively, [7] suggests a core constructed from a combination of many doped and undoped spots. The effective index of refraction of the core can be controlled by the ratio of the area of doped spots to that of the undoped. The collection of these doped and undoped spots creates an effective refractive index that is close enough to that of the cladding. However, [7] reports that only 10% of the total area of the core is doped which is not very efficient. None of the solutions above genuinely employs the novel concept of PCF and can all be applied to regular double-clad fiber lasers. The real power of PCF resides in the fact that the entire PCF can be made of the same material with a uniform refractive index. The effective index of refraction of the cladding is solely reduced by introducing holes into the fiber where the radius of the holes can accurately fine tune the desired effective index step.
II. VIABLE PCF LASER (PCFL)
In this letter, we numerically model a novel PCFL that is made entirely from an active material and is pumped only in the core. This geometry has the advantage that a step index is not introduced between the cladding and the core. The centers of the airholes running along the PCF are located on a triangular lattice of pitch size m as in diameter of m. The area surrounding the core is referred to as the cladding and has a slightly lower effective index of refraction due to the presence of the airholes. The overall diameter of the structure is determined by the number of airhole layers in the cladding. In our design, we analyze a PCF with three layers of airholes, as shown in Fig. 1 , adequate to confine the pump and signal in the core region. The ratio of the diameter of the airholes to the pitch size is 0.36, making the PCF single mode at nm. There is only one mode that resides almost entirely in the core. There are, however, numerous other modes exhibiting small overlap with the core that could be potentially excited in the cladding but these are strongly absorbing. The gain values of the principle mode and the next eight highest gain cladding modes are plotted in Fig. 2 . The horizontal axis represents the total pump power that is assumed to be uniformly distributed in the core. For simplicity, the signal power is taken to be zero. From Fig. 2 , one can conclude that when signal saturation and various loss mechanisms are also taken into account, the principle mode is the only mode with large enough gain and all the cladding modes are strongly absorbed by the cladding during multiple passes. Based on these observations, we are ensured that the PCF will truly work as a single-mode fiber laser.
III. DESIGNING THE OPTIMUM LASER CAVITY
We now consider the design of the laser cavity including the appropriate length of the PCF and reflectivities of the mirrors for the maximum output signal power. Ideally, we need a single-mode pump source with 100-m diameter and NA (the NA of the PCF) to maximally couple and confine the pump light in the core of the PCF. Commercially available high-power multimode sources are not suitable because of their large NA. We ran a simulation using a beam propagation method (BPM) code and pumped the PCFL in the core using a 100-m diameter multimode laser with NA . We observed that within the first few millimeters of propagation, a large portion the pump modes, especially those with large incidence angles, leaked into the cladding and were not absorbed by the core. However, we emphasize that the PCFL does not necessarily require an idealized pump source. For example, our BPM simulation shows that a single-mode pump source with 350-m mode-area and NA around 0.05 has a 77% absorption efficiency compared to an ideal pump. [11] recently demonstrated a near-diffraction limited 30-W optically pumped semiconductor laser at 980 nm. The 500-m diameter output can be focused to 100 m and NA using an optical telescope making it a near ideal pump source for our PCFL. We note that unless pumped very hard, with significant leakage into the cladding, high threshold cladding modes will not be excited. Since large reflectivities are required for efficient lasing of our PCFL, we may discriminate against potential cladding modes by coupling end mirrors only to the core of the PCF (for example butt coupling a 100-m diameter fiber, coated with a mirror). Although the PCF is strongly single-mode for the signal at nm, it is quite forgiving for the pump at nm. The reason is that the core of the PCF is in general more confining at shorter wavelengths. In addition, the signal goes through multiple passes in the PCF allowing higher order modes to leak out. This is in contrast to the pump that travels only twice along the short PCF before being almost entirely absorbed in the core.
In order to calculate the output signal power, we solve the following set of differential equations: (1) and are the forward and backward moving pump and signal power. and are the effective pump absorption and signal gain factors as a function of the total signal and pump power, respectively. In order to calculate and based on the particular transverse profiles of the signal and power in the PCF, we use a full vectorial Maxwell solver based on the finite-element method (FEM). The FEM code solves for the transverse profile, propagation constant, and the effective gain of the modes, especially the desired principle mode. The transverse profile of the complex refractive index is used in the FEM code to carry out these calculations at a particular frequency. In turn, the imaginary part of the refractive index is calculated using the signal and pump intensities and the kinetic equations for the population of the lasing levels in the Er-Yb system, following [12] . It is possible to converge to a consistent solution using this method by an appropriate initial guess and a few iterations.
For maximum output power, the input mirror should have 100% transmission at the pump wavelength and 100% reflectivity at the signal wavelength. Furthermore, the output mirror should exhibit 100% reflectivity at the pump wavelength. With these assumptions, the differential equations are solved iteratively with the appropriate boundary conditions until the solution converges. In Fig. 3 , we show a contour plot of the output signal power in watts as a function of the length of the PCF and the reflectivity of the output mirror at the signal wavelength for 20 W of input pump power. The peak output signal power is almost 9.5 W and happens at a cavity length around 1.8 cm and output mirror reflectivity 83%. The output signal is single-mode with M very close to unity. In Fig. 3 , we have assumed a uniform pump intensity distribution across the core. An adjustment is required for specific pump profiles. Note that in our calculations, we have not included any loss mechanisms due to the host glass and dopants and also imperfections in the PCF, especially scattering at the glass-airhole boundaries. With increasing loss, the optimum value of the output mirror signal reflectivity decreases. However, these modifications will only have a very small effect on our results since the PCF is quite short.
IV. CONCLUSION
In this letter, we have numerically analyzed a high-power single-mode PCFL. Unlike the previous work on PCFL that consider an active core with a passive cladding, our PCF is entirely made from an active glass. We are, thus, assured that an unwanted step index would not be created in the core-cladding interface leading to an undesirable multimode fiber. In addition, our single glass approach eases the fabrication of the PCF drastically. The effective size of the core of the PCF is 100 m. The active material is a phosphate glass that is uniformly doped with 1wt%Er2O3 and 2wt%Yb2O3. We have shown that the PCFL is single-mode. The large value of reflectivity of the output mirror required for optimum power results in multiple passes of the signal beam in the cavity. This ensures that the higher order signal modes leak into the surrounding absorbing cladding. The strong absorption of the pump allows us to design a very short yet efficient single-mode laser. The achievable efficiency of near 50% results in the extraction of a signal output power near 9.5 W from a 1.8-cm-long laser pumped with 20 W. Nonlinear scattering effects such as SBS and SRS and also amplified spontaneous emission are very small due to the short length of the PCFL. At 20-W pump power, the maximum temperature in the PCF ( C) is well below the glass transition temperature ( C). Thermooptical effects may be safely ignored since C and the fact that the temperature stays nearly uniform throughout the PCFL.
